cis-Diamminedichloroplatinum(II) (cisplatin) is a widely used anticancer drug that binds to and crosslinks DNA. The major DNA adduct of the drug results from coordination of two adjacent guanine bases to platinum to form the intrastrand crosslink cis-[Pt(NH3)2{d(GpG)-N7(1), -N7(2)}] (cis-Pt-GG). In the present study, spectroscopic and calorimetric techniques were employed to characterize the influence of this crosslink on the conformation, thermal stability, and energetics of a site-specifically platinated 20-mer DNA duplex. CD spectroscopic and thermal denaturation data revealed that the crosslink alters the structure of the host duplex, consistent with a shift from a B-like to an A-like conformation; lowers its thermal stability by -9°C; and reduces its thermodynamic stability by 6.3 kcal/mol at 25°C, most of which is enthalpic in origin; but it does not alter the two-state melting behavior exhibited by the parent, unmodified duplex, despite the significant crosslinkinduced changes noted above. The energetic consequences of the cis-Pt-GG crosslink are discussed in relation to the structural perturbations it induces in DNA and to how these crosslinkinduced perturbations might modulate protein binding.
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In the present study, spectroscopic and calorimetric techniques were employed to characterize the influence of this crosslink on the conformation, thermal stability, and energetics of a site-specifically platinated 20-mer DNA duplex. CD spectroscopic and thermal denaturation data revealed that the crosslink alters the structure of the host duplex, consistent with a shift from a B-like to an A-like conformation; lowers its thermal stability by -9°C; and reduces its thermodynamic stability by 6.3 kcal/mol at 25°C, most of which is enthalpic in origin; but it does not alter the two-state melting behavior exhibited by the parent, unmodified duplex, despite the significant crosslinkinduced changes noted above. The energetic consequences of the cis-Pt-GG crosslink are discussed in relation to the structural perturbations it induces in DNA and to how these crosslinkinduced perturbations might modulate protein binding.
The chemotherapeutic efficacy of the anticancer drug cisplatin is derived from its ability to bind and crosslink DNA, the major adduct being the cis-Pt-GG intrastrand crosslink (1) . Previous crystallographic, NMR, and gel electrophoretic investigations have evaluated the impact of this crosslink on the structure and conformation of the host duplex (1) (2) (3) (4) (5) (6) (7) (8) (9) . These studies indicate that formation of the cis-Pt-GG crosslink unwinds DNA by 130 and bends it by 34-55°in the direction of the major groove. Avery recent crystallographic study revealed that the crosslink can induce formation of an A-form structural subdomain, thereby creating a hybrid DNA duplex with an A-B junction (8) . Such cis-Pt-GG-induced alterations in duplex structure have been implicated in the promotion of specific interactions with cellular proteins that contain one or more high mobility group domainsfor example, HMG1, Ixrl, and human upstream-binding factor (hUBF) (8, (10) (11) (12) (13) (14) (15) . When bound by such cellular proteins, the cis-Pt-GG sites are shielded from excision repair (11, 13, 16, 17) , thereby enhancing the cytotoxic properties of the drug.
Unlike the detailed structural information about the major cisplatin-DNA adduct, comparatively little is known about its corresponding energetic consequences. Such thermodynamic data would reveal how the crosslink influences duplex stability, a property that has been implicated in the modulation of protein recognition and binding (18) (19) (20) . To address this deficiency, we have used a combination of calorimetric and spectroscopic techniques to characterize the effect of a single cis-Pt-GG intrastrand crosslink on the conformation, thermal stability, and energetics of a 20-mer DNA duplex. The sequences of unmodified (GG20) and modified (cis-Pt-GG20) duplexes examined are depicted in Fig. 1 . Investigation of these two duplexes has revealed that formation of the cis-Pt-GG crosslink reduces both the thermal and thermodynamic stabilities of the host DNA. We discuss how such adduct-induced energetic consequences may correlate with the structural perturbations believed to mediate recognition by high mobility group domain proteins.
MATERIALS AND METHODS
Oligonucleotide Synthesis, Purification, and Characterization. Oligonucleotides were prepared on a Cruachem PS250 DNA Synthesizer by using standard cyanoethylphosphoramidite chemistry. Deprotected oligonucleotides were purified initially by size exclusion chromatography on a G-25 Sephadex (Pharmacia) column, with distilled water as the eluent. Before platination, d(TCTCCTTCTGGTCTCTTCTC) was converted to the sodium salt on a Dowex (Bio-Rad) cationexchange column. Structures. Fig. 24 shows the isothermal mixing curve (22, 23) for complex formation between strands 1 and 2 (see Fig. 1 ). Fig. 2B shows the corresponding curve for complex formation between strands 1' and 2. The break points in both mixing curves occur near 0.5 and indicate that the strands associate to form 1:1 complexes. This stoichiometry is consistent with duplex formation and demonstrates that the crosslink does not prevent a single strand from hybridizing with its complement, aspreviously assumed (1).
Crosslink Formation Induces CD Changes Consistent with a Partial Shift from a B-Like Toward an A-Like Duplex Conformation. Fig. 3 shows the CD spectra of the unmodified, parent duplex (GG20) and the modified, platinated duplex (cis-Pt-GG20). The GG20 duplex exhibits a nearly conservative CD spectrum (solid curve) characteristic of B-form DNA (25, 26) . In the CD spectrum of the cis-Pt-GG20 duplex (dashed curve), which is qualitatively similar, there is an increase in the intensity of the positive band at 278 nm and a decrease in the intensity of the negative band at 241 nm. To a first approximation, the qualitative similarity of the two spectra suggests that the crosslink does not significantly alter the global B-conformation of the host duplex. Such an interpretation would be consistent with previously reported NMR studies on oligomeric DNA duplexes containing a single cis-Pt-GG crosslink (2, 3, 6, 9, 27, 28) . These studies revealed that crosslink-induced changes were restricted to base pairs surrounding the platinated nucleosides and that the presence of the adduct neither disrupted Watson-Crick hydrogen bonding nor altered the global B-like helical parameters of the host duplex. The platinum-induced quantitative CD differences we observe ( Fig. 3) , however, are significant and similar to those reported previously for two decameric DNA duplexes (3, 28) . We suggest that these CD spectral changes may reflect a shift from a B-like DNA structure toward one with some contributions from an A-like conformation (25, 26) . This CD-based conclusion is consistent with recent crystallographic results (8) , in which a single cis-Pt-GG crosslink induced an A-type DNA segment in a dodecamer having both A-and B-like conformational domains. Thus, although the crosslink does not prevent hybridization to form a duplex, its presence does alter the global duplex conformation. In the sections that follow, we evaluate the thermal and thermodynamic consequences of such crosslink-induced alterations by analyzing calorimetric and spectroscopic melting profiles. For such analyses to be valid, however, we first must establish that the duplex melting transitions are reversible. This assessment is described in the next section.
The Melting Transitions of Both the Unmodified GG20 Duplex and the Platinated cis-Pt-GG20 Duplex Are Fully Biophysics: Poklar et al. Reversible. Fig. 4 shows the UV denaturation (heating) and renaturation (cooling) curves for the unmodified GG20 duplex (A) and the platinated cis-Pt-GG20 duplex (B). These data were acquired with heating and cooling rates of 0.50C/min and a maximum temperature of 95°C. Inspection of Fig. 4A reveals tl9e denaturation and renaturation curves for the GG20 duplex to be virtually superimposable, an observation consistent with the reversibility of this melting equilibrium. By contrast, inspection of Fig. 4B reveals that the heating and cooling curves for the cis-Pt-GG20 duplex are not fully superimposable, with the cooling curve exhibiting an altered shape, a lower Tm (ATm = 0.8°C) and a failure to reach the 5°C starting absorbance of the heating curve. These observations indicate that this melting transition is not completely reversible, but, as shown in the Fig. 4B , inset, superimposable heating and cooling curves can be obtained for the cis-Pt-GG20 duplex by heating to a final temperature of only 75°C rather than 95°C. This differential renaturation behavior suggests a heat-induced change in the properties of the platinated single strand between 75°C and 95°C, with this alteration kinetically limiting rehybridization to the complementary strand. Upon cooling at 0.50C/min, this altered form of the platinated single strand, which mnay involve heat-induced changes in platinum ligation, could become kinetically trapped in a metastable state. Consistent with this possibility is our observation that, when a cis-Pt-GG20 sample that had been heated to 95°C was allowed to equilibrate for 1 to 2 h at a temperature near the Tm and then further cooled down to the initial starting temperature of 5°C, the repeat heating curve was superimposable on the initial 950C heating curve (data not shown). Such a staged cooling process probably acts to reequilibrate any altered platinated single strands that are kinetically trapped during the faster 0.5°C/min cooling process, perhaps including states that involve changes in platinum bonding to the nucleobases. Caution must therefore be exercised in studies of platinated nucleic acids to assess whether one is characterizing an equilibrium or kinetically trapped state. Based on these results, we conclude that, under appropriate conditions, the melting transitions of both the platinated and unmodified duplexes are fully reversible. Consequently, we can obtain meaningful thermodynamic data from our calorimetric and spectroscopic measurements, as described below.
Formation of the cis-Pt-GG Intrastrand Crosslink Lowers the Thermal Stability of the Host Duplex. Solution conditions are as described in the legend of Fig. 2 . bimolecular complexes (29) , the thermal stabilities of both the GG20 and cis-Pt-GG20 duplexes depend on the DNA concentration. Specifically, increasing the duplex concentration from 1 to 50 ,M increases the Tm of the GG20 duplex from 64.3 to 70.2°C, while increasing the Tm of the cis-Pt-GG20 duplex from 55.4 to 61.8°C. These observations are consistent with both the parent and platinated duplexes melting with apparent molecularities greater than one, whereas the isothermal mnixing experiments described above and shown in Fig. 2 reveal a 1:1 stoichiometry for each complex. Second, at both concentrations studied, the presence of the crosslink reduces the thermal stability of the host duplex by a similar amount (ATm = -9.1°C at 1 ,u M duplex; ATm = -8.4°C at 50 ,uM duplex), while also slightly reducing the hyperchromic change that accompanies denaturation. These results are consistent with previous studies probing-the effects of cis-Pt-GG formation on the thermal stabilities of double-helical DNA and RNA targets (2, 28, 30, 31). Our observation of a cis-Pt-GG-induced reduction in the extent of the melting hyperchromism may reflect crosslink-induced perturbations in the initial duplex state (e.g., unstacking). In the section that follows, we evaluate the thermodynamic origins of the crosslink-induced decrease in duplex thermal stability.
Formation of the cis-Pt-GG Intrastrand Crosslink Results in an Enthalpically Driven Destabilization of the Host Duplex.
Calorimetry. Fig. 6 shows DSC melting profiles (ACP versus 1) for the parent, unmodified GG20 duplex (solid curve) and the platinated cis-Pt-GG20 duplex (dashed curve). These curves were analyzed as described in Materials and Methods to obtain the results listed in (32) (33) (34) . This indirect approach is more commonly employed, although it yields model-dependent parameters, in contrast to the model-independent data more directly obtained via the calorimetric measurements (24, 29) .
For transitions with molecularities greater than one, the concentration dependence of Tm can be determined from families of optical melting curves (24, 29, 34) . The resulting data usually are cast as, and analyzed from, plots of the reciprocal of the melting temperature (1/Tm) versus the logarithm of the total strand concentration (lnCT0t). Such plots for the two duplexes studied here are shown in Fig. 7 . For bimolecular associations of two non-self-complementary strands, such as are encountered in this work, van't Hoff transition enthalpies and entropies can be derived from the slopes andy-intercepts of these lines, respectively, with the use of the Eq. 1 (29) , where CTOt is the total strand concentration (i.e. twice the duplex concentration) and R is the gas constant. (18) (19) (20) 35) .
Correlation Between the Structural and Thermodynamic Impacts of the cis-Pt-GG Crosslink on Duplex Properties. As discussed above, our thermodynamic data (Table 1) {e to its unmodified counterpart. It is of interest to assess single-stranded states are thermodynamically equivalent at the er this destabilizing influence can be rationalized in high temperatures at which they are formed. This assumption of crosslink-induced structural perturbations in the host is bolstered here by the coalescence of the high temperature,
x. As noted earlier, NMR, crystallographic, and gel single-stranded CD spectra (data not shown) and is commonly ophoresis studies indicate that formation of a cis-Pt-GG employed when interpreting thermodynamic data on nucleic ink bends the helix axis of the host duplex by 34-55°in acids (20, 38) . Nevertheless, when evaluating any of our irection of the major groove (2, 7, 8 (37) to estimate an crystallographic studies (8, 36) , is partially compensated by an limit for this crosslink-induced perturbation by calcuenthalpy gained by a crosslink-induced helical bending. Prethe enthalpic cost that results from complete disruption viously we estimated a lower-limit value of 1.6 kcal/mol per bp three relevant nearest-neighbor stacking interactions for thermally induced unbending of an "A tract" in an unly, TG/AC, GG/CC,nandrGT/CA.cThis calculationyields modified decameric duplex (39) . Although the sequence as y upper limit value of 23.3 kcal/mol. Our experimental well as the cause of bending are different, we can use this value metric data (see Table 1 ) reflect a crosslink-induced to estimate crudely that the four "bent" base pairs in our alvalue of 17 ± Comparison Between the Energetic Impact of the cis-Pt-GG in(CTot) Intrastrand Crosslink and Other Guanine Adducts. Table 2 summarizes the thermodynamic consequences on duplex propOn the total strand concentration (CTot) of the melting temperaerties of the cis-Pt-GG crosslink and other exocyclic guanosine Tm) for the duplex-to-single strand transitions of the GG20 duplex adducts. Only the cis-Pt-GG crosslink investigated is a bifunc-)dthe cis-Pt-GG20 duplex (- tThermodynamic parameters were obtained calorimetrically. §Thermodynamic parameters were derived from a combination of calorimetric and concentration-dependent UV melting data.
SThermodynamic parameters were derived from van't Hoff analyses of UV melting profiles.
destabilizing as the bidentate cis-Pt-GG crosslink, which connects two guanosine residues. Despite this difference, with one exception (2'-deoxy-N7-methyl-guanosine), all the guanosine adducts share the property of destabilizing the free energy of duplex formation (i.e., AAG25 > 0). Such destabilization may form the basis for energetic recognition of such DNA lesions by cellular proteins, as previously suggested (18) (19) (20) . Note that the thermodynamic origin (enthalpic or entropic) of the lesioninduced destabilization depends on the specific nature of the adduct. Irrespective of the driving force, however, a common feature of all modification-induced destabilizations is the large and compensating nature of the enthalpic and entropic contributions, which in turn leads to comparatively modest adductinduced changes in free energy. Such enthalpy-entropy compensations have been noted in many melting and ligand binding processes involving DNA (37, 43) .
CONCLUDING REMARKS We have used a combination of spectroscopic and calorimetric techniques to demonstrate that formation of a cis-Pt-GG intrastrand crosslink reduces the thermal and thermodynamic stabilities of a host duplex without altering its melting cooperativity. The decrease in thermodynamic stability is enthalpic in origin. We propose correlations between crosslink-induced reduction in duplex stability and crosslink-induced perturbation in the structure (base unstacking, DNA bending, and A-DNA formation), previously revealed by NMR, crystallography, and gel electrophoresis (1) (2) (3) (4) (5) (6) (7) (8) (9) . Such cross-correlations between macroscopic and microscopic observables should provide insight into the physicochemical consequences of the crosslink on duplex properties, including protein recognition and binding specificity, and help to delineate the biological basis for the cytotoxic properties of the drug. Ultimately, it may be possible to establish empirical, semiquantitative correlations between the biophysical and biological consequences of cisplatin binding to DNA, including factors that contribute to its cytotoxic activity, thereby contributing to a rational basis for designing and screening of new candidates for chemotherapy.
